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Sensorineural hearing loss (SNHL) is the most common sensory deficit worldwide,
and it typically originates from the cochlea. Methods to visualize intracochlear cells in
living people are currently lacking, limiting not only diagnostics but also therapies for
SNHL. Two-photon fluorescence microscopy (TPFM) is a high-resolution optical imaging
technique. Here we demonstrate that TPFM enables visualization of sensory cells and
auditory nerve fibers in an unstained, non-decalcified adult human cochlea.
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INTRODUCTION
Diagnostics and therapies for sensorineural hearing loss (SNHL) remain limited in part because
of a historical lack of methods for visualizing the cochlea’s interior at the cellular level in living
patients. While conventional computed tomography (CT) and magnetic resonance imaging (MRI)
can reveal gross anatomical defects of the cochlea and may be sufficient for guiding otologic
surgeons in planning their surgical access to the middle and inner ear regions, they do not afford
the resolution necessary to enable visualization of the individual cells and auditory nerve fibers that
are known from animal and human autopsy studies to be damaged in the progression of SNHL.
Recent advances in high resolution, deep penetration fluorescence microscopy techniques and
the interfacing of these systems with miniature clinical endoscopes motivate investigation into
whether these tools might be useful for intracochlear diagnostic applications; indeed, the abundance
of endogenous fluorophores in the inner ear (e.g., flavin adenine dinucleotide (Sewell and Mroz,
1993) and nicotinamide adenine dinucleotide (Tiede et al., 2009) makes the cochlea a promising
candidate for future fluorescence endoscopy. Following up on previous work in a mouse model by
us (Yang et al., 2013; Romito et al., 2019) and others (Bae et al., 2020), here we demonstrate the
ability of two-photon fluorescence microscopy (TPFM) to facilitate visualization of sensory cells
and auditory nerve fibers in an unstained, non-decalcified cochlea from a former adult patient.
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MATERIALS AND METHODS
The patient’s temporal bone was harvested at autopsy and fixed
in formaldehyde according to previously described procedures
(Merchant and Nadol, 1993). For TPFM imaging, the otic capsule
over the cochlea’s apical, middle, and basal turns was slowly
and carefully drilled away using sub-millimeter cutting and
diamond burrs, revealing the organ of Corti’s surface in its
entirety. The resulting specimen with exposed sensory epithelium
was fixed to a glass petri dish with dental cement, submerged
in phosphate buffered saline solution, and observed under a
light microscope to confirm that (a) the structure had remained
grossly intact during the drilling process, and (b) bone dust
had been adequately flushed away. The dish was then secured
to the surface of a 3-axis goniometer to allow precise tip
and tilt manipulation in addition to rotation, and the entire
system was then positioned under a Thorlabs Bergamo II Series
Multiphoton microscope (Thorlabs, Newton, NJ, United States)
for investigation using TPFM. The light source was a Spectra-
Physics Mai Tai HP Ti:Sapphire laser (Spectra-Physics, Santa
Clara, CA, United States) tuned to 830 or 836 nanometers and
maintaining a pulse width of less than 100 femtoseconds. Emitted
fluorophores were detected using Hamamatsu photomultiplier
tubes (Hamamatsu Photonics, Hamamatsu City, Shizuoka,
Japan). The objective lenses used were the Nikon CF175 LWD
16X and Apochromat 25XC water immersion lenses (Nikon,
Minato, Tokyo, Japan).
To verify images obtained using TPFM,
cochlear wholemounts were prepared for confocal
immunohistochemistry. Specifically, a bone plug containing
the inner ear was drilled down to the otic capsule and decalcified
in EDTA. The cochlea was microdissected, and wholemounts
of the organ of Corti prepared. Cochlear pieces were frozen in
30% sucrose until further use. The specimens were thawed to
permeabilize and incubated in blocking buffer for 1 h. Hair cells
were stained by incubating the specimen with rabbit anti-Myosin
VI and VIIa (Proteus Biosciences, Ramona, CA, United States;
#25-6791 and 25-6790, respectively) at 1:100 overnight at
37◦C. After washing in PBS, wholemounts were incubated
with a fluorescently labeled anti-rabbit secondary antibody
twice for 60 min, and mounted onto glass slides in Vectashield
(Vectorlabs, Burlingame, CA, United States). Images were taken
on a Leica SP5 (Wetzlar, Germany) confocal microscope with a
20× glycerol objective.
This research was exempt by the Massachusetts Eye and Ear
Institutional Review Board because it was based on deidentified
cadaveric specimens.
RESULTS
Despite the lack of applied fluorescent stain, a strong endogenous
fluorescence signal facilitated imaging of the organ of Corti’s
surface features with high levels of detail (Figure 1A). Individual
sensory cells and bundles of auditory nerve fibers were clearly
visualized (Figures 1A,B), in addition to winding vasculature
containing small donut-shaped cells consistent with erythrocytes
FIGURE 1 | (A) Two-photon fluorescence microscopy (TPFM) of the
unstained, in situ organ of Corti. Low magnification (16×) view of the basal
turn of the organ of Corti. The green arrow indicates the row of inner hair cells,
the yellow outline indicates auditory nerve fiber bundles, and the red arrow
indicates vasculature. (B) TPFM high magnification (25×) view of the region
depicted in panel (A), revealing auditory nerve fiber bundles (yellow outline)
and individual sensory (green arrows) and supporting cells (asterisk). (C) High
magnification (25×) view of the organ of Corti’s inner hair cell (IHC) region in
cross-section, revealing individual IHCs (green arrows). (D) Maximum
projection confocal image of the organ of Corti stained with myosin VI and VIIa
at the row of inner hair cells shows a similar appearance to panel C. Scale
bars: 100 µm in panel (A), 50 µm in panels (B–D), respectively.
in regions more proximal to the modiolus (Figure 1A). The
identity of the sensory cells detected with TPFM in the unstained
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specimen was confirmed using confocal microscopy applied to
the specimen immunostained for hair cells (Figure 1D). Because
access to human inner ear tissue is limited and post-mortem
times are variable, and on the order of hours, preservation of
human inner ear tissue is typically not as good as in animal
experiments where all variables can be precisely controlled and
post-mortem time is only a few minutes.
DISCUSSION
For over 130 years, the gold standard method for studying
the cellular basis of human SNHL has been post-mortem
histology (Politzer, 1892). This has required lengthy processing
that typically takes many months to complete and includes
decalcification, embedding, sectioning, and staining with
hematoxylin and eosin—with the collection of temporal bones
often being long post-mortem (Merchant and Nadol, 1993).
A scarce opportunity to collect fresh human tissue are life-
threatening diseases that require the removal of the inner ear
for surgical access. During these surgeries, fresh inner ear
specimens can be collected and subsequently molecularly or
histologically analyzed, e.g., by RNA-seq (Schrauwen et al., 2016),
immunohistochemistry, transmission electron microscopy
(TEM) microscopy (Liu et al., 2015), or super-resolution
structured illumination microscopy (SR-SIM) (Liu et al., 2017).
Another opportunity to better understand human cochlear
biology is the collection of perilymph, which can be done safely
during surgeries that expose the round window or labyrinth
(Lysaght et al., 2011; Schmitt et al., 2017). Imaging the cochlea in
living humans today relies on CT and MRI. Although significant
advances have been made, clinical CT and MRI do not afford
cellular or microstructural resolution (Pearl et al., 2014; van
Egmond et al., 2014; Thylur et al., 2017). While synchrotron
radiation phase contrast imaging (SR-PCI) could visualize the
organ of Corti’s cellular architecture in intact human temporal
bones in situ (Iyer et al., 2018), the intense radiation currently
required for this type of imaging post mortem makes it unsafe for
imaging in alive humans.
Here, we demonstrate that TPFM obviates the need for such
laborious, lengthy, and artifact-prone processing by providing
cellular and subcellular resolution of the cochlea’s interior in
a non-decalcified, unstained specimen. This strongly motivates
further investigation into the sources of endogenous fluorescence
in the inner ear and how they might be tapped for diagnostic
imaging without contrast dyes or radiation in living humans,
e.g., via intracochlearly inserted microendoscope. In conclusion,
TPFM could accelerate progress in understanding cellular-level
pathology in precious human temporal bone specimens and
may lead the way toward much-needed personalized therapy
recommendations in living patients suffering from SNHL.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT
Ethical review and approval was not required for the study
on human participants in accordance with the local legislation
and institutional requirements. Written informed consent for
participation was not required for this study in accordance with
the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
KS conceived and supervised the project. JI and KS designed
the experiments. JI and IM performed the experiments. JI, RS,
and KS analyzed the data and wrote the manuscript. All authors
contributed to the article and approved the submitted version.
FUNDING
The authors are grateful for support from the Department of
Defense National Defense Science and Engineering Graduate
Fellowship (JI), the Lauer Tinnitus Research Center (KS),
and the Bertarelli Program in Translational Neuroscience and
Neuroengineering (KS).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2021.690953/full#supplementary-material
Supplementary Figure 1 | (A) Experimental set-up for two-photon fluorescent
microscopy of the human temporal bone. (B) Before imaging, the temporal bone
was fixed to a petri dish with dental cement. The otic capsule was carefully drilled
with an otologic drill to expose the organ of Corti. The red square indicates the
area imaged in Figure 1.
REFERENCES
Bae, S. H., Kwak, S. H., Choe, Y. H., Hyun, Y. M., Choi, J. Y., and Jung, J.
(2020). Investigation of intact mouse cochleae using two-photon laser scanning
microscopy. Microsc. Res. Tech. 83, 1235–1240. doi: 10.1002/jemt.23515
Iyer, J. S., Zhu, N., Gasilov, S., Ladak, H. M., Agrawal, S. K., and Stankovic, K. M.
(2018). Visualizing the 3D cytoarchitecture of the human cochlea in an intact
temporal bone using synchrotron radiation phase contrast imaging. Biomed.
Opt. Express 9:3757. doi: 10.1364/BOE.9.003757
Liu, W., Edin, F., Atturo, F., Rieger, G., Löwenheim, H., Senn, P., et al. (2015). The
pre- and post-somatic segments of the human type I spiral ganglion neurons –
structural and functional considerations related to cochlear implantation.
Neuroscience 284, 470–482. doi: 10.1016/j.neuroscience.2014.09.059
Liu, W., Li, H., Edin, F., Brännström, J., Glueckert, R., Schrott-Fischer, A., et al.
(2017). Molecular composition and distribution of gap junctions in the sensory
epithelium of the human cochlea—a super-resolution structured illumination
microscopy (SR-SIM) study. Ups. J. Med. Sci. 122, 160–170. doi: 10.1080/
03009734.2017.1322645
Frontiers in Cellular Neuroscience | www.frontiersin.org 3 August 2021 | Volume 15 | Article 690953
fncel-15-690953 July 31, 2021 Time: 12:42 # 4
Iyer et al. Two-Photon Microscopy of Human Cochlea
Lysaght, A. C., Kao, S. Y., Paulo, J. A., Merchant, S. N., Steen, H., and Stankovic,
K. M. (2011). Proteome of human perilymph. J. Proteome Res. 10, 3845–3851.
doi: 10.1021/pr200346q
Merchant, S. N., and Nadol, J. B. (1993). Schuknecht’s Pathology of the Ear. Malvern:
Lea and Febiger.
Pearl, M. S., Roy, A., and Limb, C. J. (2014). High-resolution secondary
reconstructions with the use of flat panel CT in the clinical assessment of
patients with cochlear implants. Am. J. Neuroradiol. 35, 1202–1208. doi: 10.
3174/ajnr.A3814
Politzer, A. (1892). The Anatomical and Histological Dissection of the Human Inner
Ear in the Normal and Diseased Condition. London: Baillière, Tindall, and Cox.
Romito, M., Pu, Y., Stankovic, K. M., and Psaltis, D. (2019). Imaging hair cells
through laser-ablated cochlear bone. Biomed. Opt. Express 10:5974. doi: 10.
1364/BOE.10.005974
Schmitt, H. A., Pich, A., Schröder, A., Scheper, V., Lilli, G., Reuter, G., et al. (2017).
Proteome analysis of human perilymph using an intraoperative sampling
method. J. Proteome Res. 16, 1911–1923. doi: 10.1021/acs.jproteome.6b00986
Schrauwen, I., Hasin-Brumshtein, Y., Corneveaux, J. J., Ohmen, J., White, C., Allen,
A. N., et al. (2016). A comprehensive catalogue of the coding and non-coding
transcripts of the human inner ear. Hear. Res. 333, 266–274. doi: 10.1016/j.
heares.2015.08.013
Sewell, W. F., and Mroz, E. A. (1993). Flavin adenine dinucleotide is a major
endogenous fluorophore in the inner ear. Hear. Res. 70, 131–138. doi: 10.1016/
0378-5955(93)90150-y
Thylur, D. S., Jacobs, R. E., Go, J. L., Toga, A. W., and Niparko, J. K. (2017). Ultra-
high-field magnetic resonance imaging of the human inner ear at 11.7 Tesla.
Otol. Neurotol. 38, 133–138. doi: 10.1097/MAO.0000000000001242
Tiede, L., Steyger, P. S., Nichols, M. G., and Hallworth, R. (2009).
Metabolic imaging of the organ of corti–a window on cochlea
bioenergetics. Brain Res. 1277, 37–41. doi: 10.1016/j.brainres.2009.
02.052
van Egmond, S. L., Visser, F., Pameijer, F. A., and Grolman, W. (2014). Ex vivo and
in vivo imaging of the inner ear at 7 tesla MRI. Otol. Neurotol. 35, 725–729.
doi: 10.1097/MAO.0000000000000276
Yang, X., Pu, Y., Hsieh, C. L., Ong, C. A., Psaltis, D., and Stankovic, K. M. (2013).
Two-photon microscopy of the mouse cochlea in situ for cellular diagnosis.
J. Biomed. Opt. 18:31104. doi: 10.1117/1.JBO.18.3.031104
Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.
Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.
Copyright © 2021 Iyer, Seist, Moon and Stankovic. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Cellular Neuroscience | www.frontiersin.org 4 August 2021 | Volume 15 | Article 690953
